The S n -state lifetime is determined from two-step excited S"-S 0 fluorescence yield measurements with picosecond light pulses. The theoretical analysis includes single pulse and double pulse consecutive excitation and takes into account the anisotropy of excitation and emission. Experimental results of the single pulse two-step excitation technique are presented for the S 4 -state lifetimes of the three modelocking dyes 5 r 9740 and 9860 for Nd-glass lasers.
Introduction
The lifetimes of higher excited singlet states Sn (n > 2) of dye solutions are generally in the subpicosecond range [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] . S2-state lifetimes in the picosecond [11] [12] [13] [14] [15] [16] [17] [18] and nanosecond regions [19] [20] [21] have been found in only a few dye molecules. The conventional technique of lifetime determination by fluorescence quantum yield measurement after single-step dye excitation is limited to quantum yields qF = Tp/r^a £ 10" 3 (fluorescence lifetime rF £ 10 ps; r^, radiative lifetime). It is frequently used for Sx -state lifetime measurement [22] [23] [24] [25] [26] [27] . The measurement of small quantum yields by singlestep excitation is limited by the fluorescence of impurities or photoproducts. Also, Raman scattering of the solvent may cause disturbance.
In two-step excitation from S0 to Si and from Si to Sn the problems of impurity fluorescence and Raman scattering are avoided. Two-step excitation with a single laser pulse (single frequency) [3, [28] [29] [30] [31] [32] [33] [34] [35] [36] [37] [38] and with two laser pulses of different frequency [1, 4, 7, 10, 33, 34] have been performed. Sn-S0 fluorescence spectra have been reported.
The determination of Sn-state lifetimes by two-step excited fluorescence quantum yield measurement is only scantily reported [1, 4, 7, 10] because of the difficulty of determining the Sn-state population.
In this paper we derive expressions for the fluorescence signal by two-step pulse or double pulse excitation that allow determination of the Sn-state lifetime. The influence of the anisotropy of light absorption and emission by the electric dipole interaction is analysed. Possible disturbances by twophoton absorption of impurities are discussed. In the experiments the S4-state lifetimes of three modelocking dyes 5,9740 and 9860, for Nd-glass lasers, are determined. The two-step single pulse excitation technique is applied with picosecond light pulses from an Nd-glass laser.
Theory
In the experiments the Sn-S0 fluorescence energy WF normalized to the input pulse energy WL will be measured and compared with the S^So fluorescence signal of a reference dye of known quantum efficiency. This comparison avoids absolute quantum yield measurements.
In Fig. 1 relevant level schemes are depicted for consecutive single pulse excitation (a), consecutive double pulse excitation (b) and reference dye excitation (c). In each case the fluorescence from an upper level |u> in Sn or Si (reference) to a lower level in S0 is observed. The geometrical arrangement is shown in Fig. 2 . The excitation pulses propagate along thej-axis and are vertically polarized (along the z-axis). The fluorescence is observed perpendicular to the pump pulse propagation in the x-direction. The fluorescence emission polarized parallel (field strength EF||||EL, intensity /F ||) or perpendicular (EF11EL; 7F1) to the pump pulse polarization may be selected with a polarizer or the total emission (7F = 7F|| 4-7Fi) may be measured without a polarizer. The pump pulses promote dye molecules to the upper fluorescence level \u). \xA defines the Si-Sn transition dipole (S0-Si transition dipole for the reference dye) of an excited molecule in level \u).\xE denotes the Sn-S0 (Si-S0 in the case of the reference dye) transition dipole moment of the emission. The angle between nA and Me is a. The orientation of nE around jiA is isotropic relative to angle j3.
Fluorescence energy
The fluorescence intensity of an emitting dipole Me parallel to the pump pulse polarization is [35] [36] [37] [38] Inverse proportionality between jitE and radiative lifetime rmd has been applied [39] . The angle 0E is related to the angles 0, a and 0 of Fig. 2 by the cosine law of spherical trigonometry cos 0E = cos 0 cos a + sin 0 sin a cos 0
The fluorescence energy WF normalized to the input pulse energy Wh is found by integrating a7F over all molecules in level |u>, over the time t\ over the solid angle SI and averaging over the isotropic angular For a further evaluation of Equations 4e and 5c we have to specify the distribution function su(0) of the transition dipole moments nA. We distinguish three situations 
Condition (i) s u (@) = cos 2 0
This condition applies to Si-S" absorption starting from an isotropic population in the Si-state as it is achieved by strongly bleaching the ground state (single and double pulse excitation) or by delaying the Si-Sn excitation pulse to allow orientational redistribution (double pulse excitation). The S"-state has no time for reorientation because of its short lifetime. The condition also applies to S0-Si absorption of reference dyes in highly viscous media (ror > rF).
Equations 4e and 5 c simplify to
The normalized fluorescence energy detected without polarizers becomes
( 1 0 Equations 4e and 5c reduce to 
Condition (ii
*ll(«) = ~rf [1+4 cos 2 a](13)
Condition (Hi) su (0) = 1
This condition applies to the reference dyes with ror < rF as is the case in low viscous solvents. Equations 4e and 5c become The fluorescence emission is independent of the polarization and angle a. The fact that the fluorescence signal detected without polarizer is nearly independent of the orientation of the specific absorption and emission dipole moments allows easy Sn -state lifetime determination from fluorescence signal measurements without a knowledge of the orientation of the transition dipoles.
For the discussed cases of population anisotropy and angle between absorption and emission the total normalized fluorescence energy may be written as 
Time integrated upper fluorescence level population
The ratio Mu/Wh depends on the Sn-state lifetime rF. An explicit expression of MJW^ that reveals the rF dependence has to be found. Here three cases are distinguished:
(i) the single pulse two-step S" excitation (ii) the double pulse Sn excitation and (iii) the single-step Si reference excitation.
In the single-pulse two-step excitation technique the population density Nu has to be determined by nonlinear transmission measurements including the determination of the Si-Sn excited state absorption cross-section. In the double pulse excitation technique, the absorption of the Si-Sn excitation pulse has to be determined. In the single-step fluorescence excitation of the reference the absorption of the Si excitation pulse has to be measured.
Single pulse two-step So-Sj-Sn excitation
To obtain the level population density Nu of the S" state the nonlinear transmission of the pump pulse through the dye sample has to be measured and compared with calculations of the energy transmission through the dye [9, 27, 41] .
For the level system of Fig. la the light propagation through the dye is described by the following
The coordinate transformation t' = t -nz/c is used (n, refractive index). The population number 
The energy transmission at high input intensities is limited by the excited state absorption. aex is deter- 
Double pulse two-step excitation
Referring to Fig. lb, the 
Changing the succession of integration leads to
The quantity Mu/ becomes
which is directly proportional to the Sn -state lifetime rF. The energy transmission TF of the Si-Sn excitation pulse is easily measured by transmission detection.
Single-step S 0 -S x excitation
The mathematical description of So-Si absorption of the reference dye is identical to the Sx-Sn absorption description of Section 2. 
where qF^R = rF^R/TmdyR is the Si-So fluorescence quantum yield (see Equation 7 ). The angle between the SQ-S! absorption and the Si-S0 emission dipole moment is a = 0.
S^-SQ fluorescence normalized to SJ-SQ reference fluorescence
The ratio of S"-S0 fluorescence of the investigated dye to Si-So fluorescence of the reference dye, in the case of single pulse two-step excitation, is
while in the case of double pulse excitation we find Ni is the total number density of impurity molecules which are involved in the S0-Si two-photon absorption at laser frequency i>L. dp is the two-photon absorption cross-section of the impurity molecules at vL. rx is the Si-state lifetime of the impurity molecules. The solution of Equation 37 is
Qivhf
The total time-integrated population of the upper impurity fluorescence level is
Proceeding from Equation 39a to 39b the sequence of integration is changed. In the case of double pulse excitation with two-photon induced impurity fluorescence by the pump pulse of frequency vp the ratio is ( In the experiments it may be checked whether impurity fluorescence plays a decisive role by measuring the intensity dependence of the observed fluorescence signal. The two-photon excited impurity fluorescence and the two-step excited Sn-S0 fluorescence are proportional to 7QL at low intensities, but at high intensities the two-step excited Sn-S0 fluorescence saturates while the impurity fluorescence remains proportional 7QL (two-step absorption cross-section greater than two-photon absorption crosssection). Saturation of two-photon absorption may be estimated by calculating N^t'yNi with the aid of Equation 38.
Approximating the integral fo l ll (y9 r9 t')dy by [7L(0, r9 t')(l + TE)/2] 2 A/ and setting/L(0, r, t') = 70L exp ( -r 2 /rl) exp ( -t 2 /tl) Equation 39c reduces to
TiQ^Nj (1 + TE) 2 I0hAl (hPh) 2 4 2 3 M ui = -7ZTT2 Z -^7T L(40)
Experiments
In the experiments we investigated Kodak mode-locking dyes 9740 and 9860 for Nd-lasers. The fast mode-locking dye 5 from Kodak and Lambda Physik was investigated in [41] and some results are included here. The absorption spectra of dyes 9740 and 9860 are shown in Figs. 3 and 4 respectively.
The single pulse two-step excitation process was used to populate the S4 level of the dyes around 530 nm. This technique requires energy transmission measurements (determination of upper fluorescence level population) and S4-S0 fluorescence yield measurements.
The experimental arrangement is shown in Fig. 5 . Single picosecond light pulses from a mode-locked Nd-phosphate glass laser were applied. The laser pulses (wavelength 1.053 /im, duration At^ -5 ps FWHM) were slightly focused with lens LI to the sample cell S. Dye samples with initial transmission T0 =0.01 were applied. The energy transmission was detected with vacuum photocells PD1 and PD3.
The input peak intensity was obtained by energy transmission measurement through the saturable absorber 9860 of initial transmission T0 = 0.173 [42] . The peak intensity calibration curve is shown dotted in Fig. 6 .
The measured energy transmission data are depicted in Figs. 6 and 7 for dyes 9860 and 9740 respectively. They were used to determine the Si-S4 excited-state absorption cross-sections aex. The curves were calculated using Equation system 22-28 and the dye parameters listed in Table I (laser parameters: yL = 9497 cm -1 , ArL = 5 ps, temporal and spatial gaussian shape). The So-Si ground-state absorption cross-sections aL were obtained from spectrophotometer measurements (Figs. 3 and 4) . The Si~S0 absorption recovery times rsi were taken from the literature [43, 44] . The Franck-Condon relaxation time rFC from level 2 to 3 was assumed to be rFC = 0.7 ps [45, 46] . The relaxation of the excited level 4 was assumed to proceed via level 3, i.e. the rates were rF* = k4 = k4i + k43, k41 = 0. The solid curves were calculated for a fixed relaxation rate rF = 10" 13 s and varying excited state absorption cross-section aex. For the dashed curves rF was varied and aex was fixed.
The S4-state lifetime rF of the dyes investigated was deduced from S4-S0 fluorescence signal measurements. The ratio of the normalized S4-S0 fluorescence to the normalized Si-S0 fluorescence of the reference was measured. Rhodamine 6G dissolved in ethanol was used as reference. The rhodamine 6G parameters are listed in Table II . Table I . [44] The S4-S0 radiative lifetimes needed in Equation 35 we obtained from the S0-S4 absorption and 
S4-S0

Conclusions
In the theoretical analysis formulae are derived that allow the determination of Sn-state lifetimes by S"-S0 fluorescence yield measurement after single pulse or double pulse two-step excitation. In the experimental section the S4-state lifetimes of three mode-locking dyes for Nd-glass lasers are determined by single pulse two-step excitation. The upper fluorescence level population is determined by bleaching experiments where the excited state absorption cross-section is measured.
The Sn-state lifetime measurement by double pulse two-step excitation leads to a simple mathematical expression (Equation 36a ) that needs no numerical calculations. The upper fluorescence level population is found directly by energy transmission measurements. The Sn-S0 fluorescence signal initiated by one individual pump pulse has to be subtracted from the total double pulse fluorescence signal in the analysis [7, 10, 34] .
The Si-S0 fluorescence of impurities hinders direct single-step Sn-S0 fluorescence excitation [3] . In the two-step excitation process Si-So impurity fluorescence can only be excited by two-photon absorption. An analysis of the two-photon excited Si-S0 impurity fluorescence was carried out that allows an estimation of its importance to be made and makes it possible to discriminate between it and the Sn-S0 fluorescence.
